Objective: Defects in insulin signalling pathway have been implicated in the pathogenesis of impaired glucose uptake, insulin resistance and type II diabetes. However, the specific defects that precipitate these abnormalities are yet to be fully elucidated. The plasma membrane embedded insulin receptor transmembrane protein, after binding to insulin, initiates a cascade of phosphorylation which leads to the activation of protein kinase B (AKT) and subsequently to initiation of some metabolic actions of insulin. The activities of this receptor, insulin binding and tyrosine kinase activation, is dependent on its plasma lipid environment. There are scarcity of published data on the influence of omega-3 and -6 polyunsaturated fatty acids on insulin response. Moreover, the findings of the published investigations, most of which have used omega-3 and -6 PUFA blend, have been inconclusive. Hence, a need for well-thought-out further research. The aim was to elucidate the effect of treatments with LNA, ARA, ALA, DHA, and EPA on cell membrane composition and consequently on insulin signalling pathway, specifically AKT phosphorylation.  LNA and ARA were more efficiently incorporated in HT29 than in HepG2 cells.
Introduction
Alterations of polyunsaturated fatty acid (PUFA) membrane composition have been proposed to alter cellular functions including cellular response to insulin. Defects in insulin signalling pathway are responsible for insulin resistance and type 2 diabetes [1] [2] [3] , thus the understanding of insulin transduction pathway is of clinical importance.
Human and animal studies have suggested that long chain PUFA, in particular of the omega-3 family, may be protective against type 2 diabetes and insulin resistance [4] .
Epidemiological studies showed that consumption of diets high in omega-3 PUFA correlated with lower incidence type 2 diabetes compared with diets rich in saturated fatty acids [5] [6] [7] .
Studies on fatty acid membrane composition showed that low levels of omega-3 PUFA were found in association with type 2 diabetes [8] , whilst insulin sensitivity positively correlated with high levels of total omega-3 and -6 PUFA [9] . Similarly, an enhanced insulin sensitivity has been reported in experimental animal studies fed on omega-3 and -6 PUFA [10, 11] .
Insulin is a pancreatic hormone involved in many functions. Mainly, it regulates the uptake of glucose (the entry of glucose into cells) in muscles, adipose tissue and liver [12] . In addition, it is involved in the regulation of several metabolic enzymes, as well as the promotion of storage of incoming glucose as glycogen, and synthesis of proteins and triglycerides from free fatty acids.
Insulin binds to the insulin receptor [13] , a transmembrane heterotetrameric tyrosine kinase receptor, which consists of two extracellular ligand-binding α subunits and two transmembrane catalytic β subunits. After insulin binds to the IR, IR undergoes autophosphorylation of tyrosine residues in the β domains. The activation of the receptor 6 leads to the recruitment of an adaptor protein, the insulin receptor substrate 1 and 2 (IRS-1 and 2). The main target of IRS is the phosphatidylinositol 3-kinase (PI3K) [14] . After phosphorylation, PI3K converts the phosphatidylinositol 4,5-bisphosphate (PtdIns-4,5-P2) to phosphatidylinositol 3,4,5-triphosphate (PtdIns-3,4,5-P3). A key effector of PtdIns-3,4,5-P3 is the protein kinase B (PKB), also known as AKT. AKT has a pleckstrin homology domain located at its amino terminus, which binds to PtdIns-3,4,5-P3, and permits the recruitment of AKT to the plasma membrane [15] . Once located at the membrane, AKT is firstly phosphorylated at 308-Thr residue and subsequently at 473-Ser residue. The phosphorylation of the 308-Thr residue is due to the PDK1 protein, which as AKT presents a PtdIns-3,4,5-P3 binding pleckstrin homology domain [16] . The mechanism of 473-Ser phosphorylation is still controversial. The phosphorylation of both the 308-Thr and 473-Ser residues is necessary for AKT full activation. Activated AKT dissociates from the plasma membrane and phosphorylates several substrates involved in insulin dependent responses. A major effect of activated AKT is the promotion of the translocation of the insulin dependent glucose transporter 4 (GLUT4) to plasma membrane and subsequent uptake of glucose into cells. Defects in both upstream and downstream targets of Akt, PI3K-Akt signalling pathway, have been implicated in insulin resistance [17, 18] . Insulin receptors are proteins localised in plasma membrane, and phosphorylation of PI3K is dependent on inositol containing membrane phospholipids. Therefore, it is tenable to assume that changes in plasma membrane composition would have an effect on insulin-signalling pathway. Cultured cells are widely used good model for investigating relationships between membrane fatty acids and insulin response. In vitro, alterations in lipid composition of erythroleukemia cells and ascites cells showed a high percentage of linoleic acid (LNA) rich oil (sunflower oil) versus oil containing mainly saturated fatty acids (coconut oil) was associated with an increase in 7 insulin receptor number and a decrease in binding receptor affinity [19, 20] . Bruneau et al. [21] demonstrated that lipid alterations (via treatments with LNA) of rat hepatoma cells led to an insulin-resistant state. Subsequently, the same group reported that feeding human hepatoma cells with LNA and eicosapentaenoic acid (EPA) modified insulin receptor autophosphorylation and the phosphorylation of the major insulin receptor substrate, IRS-1 [22] .
The aforementioned studies, most of which have used a heterogeneous blend of omega-3 and -6 PUFA, have highlighted a possible relationship between these fatty acids and insulin response. Therefore, there is need for further investigations to help elucidate the effect of the individual fatty acid members of the two PUFA families.
In the present study, human colon adenocarcinoma (HT29) and hepatocellular carcinoma (HepG2) cell lines were used as in vitro systems to study whether alterations of phosphatidylcholine (PtdCho) and phosphatidylethanolamine (PtdEtn) fatty acid composition alter insulin-induced AKT activation/phosphorylation. Both cell lines express a functional insulin pathway [22, 23] . Although the gastrointestinal tract is the main target of insulin, it is where nutrients are processed and absorbed. Consequently, it is thought to have an indirect effect on insulin resistance [24] . The liver is widely-recognised primary insulin target and hepatocytes are often used to investigate insulin response [25, 26] . 
Material and Methods

Reagents
Insulin treatments
HT29 and HepG2 cells (2X10 5 /ml) were seeded in 21 cm 2 plates and allowed to attach and divide for 24 hours. Subsequently, the old medium was siphoned off and replaced with fresh medium containing 10 % FBS supplemented with 40 μM of different polyunsaturated fatty acids (ALA, EPA, DHA, LNA or ARA). Two plates were grown in 10 % FBS medium without adding fatty acids. After 48 hours of incubation, the old medium was discarded and the cells incubated in fresh serum free medium for 6 hours. Subsequently, the medium was siphoned off, and the cells incubated for 30 minutes with fresh medium with and without 50ng/ml of human insulin [29] .
Western blot
HT29 and HepG2 cells were washed twice with ice cold PBS 1X. Subsequently, cells were lysed in ice-cold RIPA buffer (1% NP-40, 0.1% SDS, 0.5% deoxycholate, 20mM Tris-HCl buffer (pH 7.4), 150 mM NaCl, 10 mM NaF, 1 mM Na3VO4, 1 mM EDTA, 1 mM EGTA).
To prevent protein degradation and dephosphorylation, phosphatase and protease inhibitor cocktail (Sigma-Aldrich, UK) were added to the RIPA buffer. The lysed cells were transferred to a clean 1.5 ml tube and the insoluble material removed by centrifugation 
Statistical analysis
Data were calculated as mean percentage of total fatty acids (± S.E.) and statistical significance was set at P<0.05. Unpaired t-test was used to compare the difference in fatty acid composition between the different treatments. The statistical software SPSS for Windows (version 23, SPSS Inc., Chicago, IL, USA) was employed to analyse the data.
Results
Omega-3 and omega-6 PUFA induced changes in membrane fatty acid composition of HT29
and HepG2 cells.
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HT29 cells
Incubation with ALA, EPA, DHA, LNA or ARA altered membrane composition of HT29 cells ( Table 1) . 
HepG2 cells
The fatty acid profile of HepG2 cells after supplementation with ALA, EPA, DHA, LNA and ARA is shown in Table 2 .
After incubation with ALA, the level of ALA increased from 0.15% to 11.31% (P<0.01) in the PtdCho, and from 0.07% to 9.15% (P<0.05) in the PtdEtn, compared to control cells.
EPA increased to 0.61% and 
Changes in membrane PUFA composition alter AKT phosphorylation in HT29 and
HepG2 cells.
Cells treated with insulin only or pre-treated with fatty acids and then incubated with insulin
showed enhanced phosphorylation of the Akt protein compared to control cells with no insulin (P<0.05) (Figure 1a) .
Pre-treatment with ALA, EPA and DHA before insulin stimulation did not alter the phosphorylation level of Akt compared to insulin only stimulated cells (Figure 1a) .
Pre-treatment with LNA and ARA before insulin stimulation increased the amount of Akt phosphorylation compared with insulin only treated cells. This increase was statistically significant in HT29 cells (P<0.05 and P<0.01) (Figure 1a) . In HepG2 cells, LNA and ARA showed a slight but not significant increase in Akt phosphorylation (Figure 1a) . published reports [1, 3] . Supplementation of rats with fish oil improved insulin sensitivity by increasing insulin binding and receptor number [11] , and enhanced insulin-stimulated glucose transport [30] . These contradicting observations could be a reflection of the difference between in vivo and in vitro investigations. Moreover, because fish oil contains appreciable amounts of LNA and ARA it is not possible to categorically attribute the observed effect on inulin sensitivity to EPA and DHA.
The increase in Akt phosphorylation was more remarkable in HT29 than Hep2 cells treated with LNA and ARA. In addition, these fatty acids were more efficiently incorporated by Indeed, it is postulated that the impact of insulin on cell types is different depending on relative IR-B: IR-A expression levels [31] . A difference in growth inhibition and apoptosis have been observed between HepG2 and HT29 cells treated with dehydroepiandrosterone [32] . IR-A isoform is more predominant in HT-29 [31] and IR-B in HepG2 [33] .
Our findings of the effect of LNA on Akt phosphorylation is consistent with the reports of previous studies. Field et al. [10] demonstrated that rats fed diets containing increasing ratios of linoleic acid compared with those fed saturated fatty acids (palmitic and stearic) had enhanced insulin binding capacity. A higher insulin-stimulated glucose uptake in adipocytes of rats fed LNA-rich diet compared with those fed a high EPA/DHA diets was demonstrated by Fickova et al. [31] . Similarly, Lee et al. [13] have reported increased insulin sensitivity in experimental given n-6 polyunsaturated fatty acids. Meuillet et al. [22] , in vitro studies, have that the disruption of caveolae by depletion of cholesterol inhibits the ability of insulin to enhance glucose uptake, and IRS-1 and Akt phosphorylation in cell lines [36] . Similarly, impaired IRS-1 and Akt phosphorylation, insulin resistance condition, was observed in rats fed a high cholesterol diet [37] . Chapkin et al. [38] have proposed that the aversion of DHA and LNA to cholesterol would enhance segregation of cholesterol into lipid microdomains.
The authors have demonstrated that the above fatty acids increased clustering of proteins in cholesterol-dependent microdomains in HeLa cells. The finding has highlighted a differential effect of LNA versus DHA indicating that only LNA treatment reduced clustering of proteins in non-raft regions. Consistent with the afore cited investigation, pretreatment of endothelial cells with LNA increased caveolin-1 expression and p38 MAPK activation [39] . The authors postulated that certain fatty acids may either stabilize or perturb caveolae function, thus leading to modification of caveolae-dependent pathways [40] . Similarly, Schley et al. [41] demonstrated that LNA treatment of breast cancer cells resulted in higher content of cholesterol and sphingomyelin in rafts as compared with DHA and EPA. In addition, EPA and DHA decreased the expression of the epidermal growth factor receptor (EGFR) selectively in rafts.
The above studies have highlighted the importance of membrane organisation in cell signaling and the link between cell transduction and membrane structure. Therefore, it is tenable to speculate that the enhancement of AKT phosphorylation after treatment with LNA might be due to the formation and compartmentalisation of caveolae, lipid-rafts, and their interactions with insulin receptors (IR).
After activation, PI3K phosphorylates PtdIns-4,5-P2 to yield PtdIns-3,4,5-P3. The generation of PtdIns-3,4,5-P3 is crucial for the recruitment and phosphorylation of AKT and activation of PDK1. There is evidence of selective incorporation of ARA in inositol phosphoglycerides [42] and elevated levels of the fatty acid in PtdIns-4-P and PtdIns-4,5-P2 [39, 43] . A question arises whether an increased ARA level in cell membrane alters membrane phospholipid metabolism (i.e. accumulation, turnover), particularly of inositol containing phospholipids. ARA had an inhibitory effect on PtdIns-1,4-P2/PtdIns-1,4,5-P3 metabolism under condition of cycle activation in submandibular acinar cells [44] . In contrast, it stimulated the accumulation of inositol mono-bi-and tri-phosphate, but not inositol phosphoglycerides in astrocytes [45] . Also, it is reported that ARA PtdCho suppressed Akt membrane translocation but left the concentration of the anchor lipid phosphatidylinositol-3,4,5-trisphosphate unchanged in fibroblasts [46] . The question yet to be answered is whether 
